We describe extremely precise timing experiments performed on five solitary and 10 binary millisecond pulsars during the past 3 yr, with the Caltech Parkes Swinburne Recorder (CPSR2) coherent dedispersion system at the Parkes 64-m radio telescope. 12 of our sources have rms timing residuals below 1.5 μs and four are below 200 ns. The quality of our data allows us to measure eight parallaxes and nine proper motions, from which we conclude that models of galactic electron density still have limited predictive power for individual objects. We derive a mean transverse velocity of 87+31/−14 km s −1 for these pulsars, in good agreement with previous authors. We demonstrate that unless multifrequency observations are made, typical variations in dispersion measure (DM) could introduce an additional drift in arrival times of ∼1 μs per year at 20-cm wavelengths. Our high timing precision means that Shapiro delay can be used to constrain the inclination angles and component masses of all but two of the selected binary systems. The signature of annual orbital parallax is detected in the timing of PSR J0437−4715 and PSR J1713+0747, providing additional geometric constraints. The timing of PSR J1909−3744 is used to demonstrate that the DE405 ephemeris is a better model of the Solar system than the earlier DE200. In addition, we show that pulsar astrometric parameters measured using DE200 and DE405 often differ significantly. In order to use pulsars to search for a cosmological gravitational wave background, it is desirable to time them against each other to eliminate Earth-based time standards. We demonstrate that PSR J1909−3744 can be used as a reference against which we obtain a very small rms residual of 133 ns for PSR J1713+0747. Although the gain of the Parkes antenna is small compared to other telescopes involved in precision timing, we obtain some of the lowest rms residuals ever measured, highlighting the importance of good instrumentation such as CPSR2 and good analysis software.
& Weisberg (1982) show that the pulsar's orbit is decaying at precisely the rate predicted due to energy loss by gravitational radiation, confirming an important prediction of general relativity. The discovery of this system spurred early development of advanced timing models (Blandford & Teukolsky 1976; Damour & Deruelle 1985 .
Several years later, the first millisecond pulsar (MSP) PSR B1937+21 was discovered (Backer et al. 1982) . The MSPs represent a distinct class of objects, with much smaller period derivatives and correspondingly smaller inferred magnetic fields and larger characteristic ages. The majority of MSPs reside in binary systems, supporting the notion that they are members of the normal pulsar population that have accreted matter from a companion (Bhattacharya & van den Heuvel 1991) . In general, they are very stable rotators and can be timed with precision levels far higher than their more slowly rotating counterparts. Since the discovery of PSR B1937+21, several successful surveys have found more than 100 new MSPs. The Princeton-Arecibo Declination-Strip Survey and the Green Bank Fast Pulsar Survey (Sayer, Nice & Taylor 1997 ) both discovered two (although PSR J1022+1001 was found almost simultaneously in both surveys), and the highly successful Parkes 70-cm survey D'Amico et al. 1998; Lyne et al. 1998 ) discovered 17 MSPs. The Parkes multibeam survey (D'Amico et al. 2001) was not optimized for rapidly spinning sources, but recent reprocessing (Faulkner et al. 2004 ) of the data using advanced search algorithms added another 15 MSPs to the catalogue. The Swinburne intermediate-latitude survey discovered a further eight (Edwards & Bailes 2001a ,b) of these objects. Roughly half the MSP population resides in the two globular clusters 47 Tucanae (Manchester et al. 1991; Camilo et al. 2000) and Terzan 5 (Ransom et al. 2005) . Unfortunately, globular cluster pulsars tend to have small flux densities and are unsuitable for precision timing as the motion of the pulsar in the gravitational potential of the cluster is difficult to model (Blandford, Romani & Applegate 1987) .
The increased timing precision that one can obtain from an MSP allows the detection of subtle timing perturbations, making them ideal for the study of post-Keplerian gravitation. One such perturbation is known as Shapiro delay and was first observed in the binary MSP PSR B1855+09. The orbital plane of this system is nearly edge-on to our line of sight, leading to a gravitationally induced propagation delay that can be detected whenever the lowmass companion comes close to our line of sight (Ryba & Taylor 1991) . Kaspi, Taylor & Ryba (1994) measure a median time-ofarrival (TOA) uncertainty below 1 μs for this pulsar, allowing the signature of Shapiro delay to be studied despite the relatively long 12-d orbital period.
In general, the detection of post-Keplerian perturbations can provide additional constraints on the equations that describe orbital motion under a given theory of gravity. If several additional parameters can be measured within the same system, the component masses can be determined and the self-consistency of gravitational theories can be tested (Taylor & Weisberg 1989; Stairs et al. 1998; Bailes et al. 2003; Stairs 2004) .
The more precisely we measure arrival times, the better our knowledge of the pulsar system. Sandhu et al. (1997) obtained a rms timing residual of 0.5 μs for PSR J0437−4715. This allowed the proper motion and parallax to be measured with a high degree of precision. They also detected a secular change in the projected semimajor axis of the orbit, due to the proper motion of the system gradually altering our line of sight to the orbital plane. van Straten et al. (2001) used a coherent dedispersion system to make very precise arrival time (0.13-μs rms) measurements and were able to detect a more subtle kinematic effect known as annual orbital parallax. This allowed the three-dimensional orbital geometry of the system to be determined. The authors used general relativity to predict the signature of Shapiro delay (based on the orbital geometry) and subsequently detected it in the timing residuals, providing further unique tests of this theory of gravity. In this paper, we confirm these outstanding results for the first time with a completely independent data set.
More recently, Jacoby et al. (2003) report the discovery of PSR J1909−3744, a binary MSP with a very narrow pulse profile that promises to be a good target for precision timing. Its highly inclined orbit has allowed the most precise determination of the mass (1.438 ± 0.024 M ) of a MSP (Jacoby et al. 2005) . In this paper, we extend the timing baseline and perform new experiments on these data.
The plan of this paper is as follows. Section 2 summarizes the characteristics of our 15 selected sources. Section 3 describes the observing system used to record pulse profiles at the Parkes radio telescope and outlines the methods used to obtain arrival times. Section 4 describes the model fitting process. In Section 5, we present standard template profiles and updated ephemerides for each of the pulsars observed, along with a brief description of our findings. Section 6 discusses pulsar distance estimates and proper motion measurements; Section 7 discusses Shapiro delay and annual orbital parallax and Section 8 discusses various factors that influence the timing stability of a pulsar, including variations in the observed dispersion measure (DM). We also use our best pulsar as a time reference to obtain 133-ns rms residuals for PSR J1713+0747. This is an essential first step towards using pulsars to search for gravitational radiation in a manner independent of terrestrial time standards. Finally, Section 9 summarizes the paper as a whole.
TA R G E T E D M I L L I S E C O N D P U L S A R S
We have concentrated our efforts on 15 MSPs, selected due to a combination of their interesting physical characteristics and precision timing potential. Ord et al. (in preparation) describe the timing of a 16th object, PSR J1600−3053, in more detail. For simplicity of presentation, we divide our source list into two groups on the basis of whether or not the MSP has a binary companion. Table 1 shows the discovery reference, rms timing precision and the mean flux density at 20-cm wavelengths for each pulsar, along with the spin and orbital (where applicable) periods.
Isolated MSPs are thought to be recycled pulsars that have lost their companions, perhaps via tidal disruption or ablation caused by the pulsar itself (Fruchter, Stinebring & Taylor 1988) . In this paper, we present observations of five isolated MSPs. On the other hand, binary MSPs typically reside in the system responsible for their recycling. The companion star is likely to have evolved significantly since the spin-up epoch, becoming either a white dwarf or another neutron star. In this paper, we also present observations of 10 binary MSPs.
O B S E RVAT I O N S A N D A NA LY S I S
Three years ago, the second Caltech Parkes Swinburne Recorder (CPSR2) was commissioned at the Parkes radio telescope. During the period spanning August 2002-April 2005, regular observing sessions (∼1 per month) were conducted, each a few days in duration. These produced approximately 1.5 TB of folded data, which were stored on the Swinburne supercomputer to allow rapid, automated reprocessing. Data were archived as coherently dedispersed time-series, folded at the apparent pulse period of each source and averaged with 16.8-s time resolution. We occasionally conducted intensive observing sessions of up to three weeks in duration, when several selected binary MSPs were observed daily. During these 3 yr, we obtained many orbits of each pulsar, giving us good binary phase and day-of-year coverage which allows accurate measurement of astrometric and binary parameters.
CPSR2 is a general-purpose baseband recorder that was constructed primarily from consumer components. It samples the received signal after down-conversion and performs all subsequent processing in software. The only specially designed hardware component is the Fast Flexible Digitizer (FFD) board that links 4 × 64 MHz bands to a cluster of high-speed computers. In the standard mode of operation, these four bands are configured as orthogonal polarizations from two different centre frequencies. We used three Table 1 . Summary of selected MSPs. The best previously published rms residuals are listed beside the corresponding journal reference in Columns 3 and 4. Column 5 shows the rms residual we obtain from the data presented in this paper. The rms residuals shown in Columns 4 and 5 have been normalized to a standard integration time of 60 min, scaling simply by the square root of the integration time where necessary. Readers should note that in some cases, systematic errors reduce the effectiveness of time averaging and the theoretical 60-min rms cannot be reached in practice. The 20-cm flux densities in Column 6 were obtained from Ord et al. (2004 et al. 1996) . Bands centred on 685 and 3000 MHz were observed (often simultaneously) with the coaxial dual-band pulsar receiver, installed near the end of 2003. The CPSR2 FFD performs 2-bit Nyquist sampling on each band and transfers the samples to two high-speed servers (known as 'primary nodes') via EDT-PCD60 direct memory access (DMA) cards. Two bands are sent to each primary node, allowing orthogonal polarizations to be packed together. Data acquisition software monitors the sampler's statistics and adjusts attenuators on the FFD to ensure optimal digitization. Once in random access memory (RAM), the samples are distributed via gigabit Ethernet to a cluster of 28 dual Intel Xeon processing (or 'secondary') nodes, located in shielded racks at the telescope. In the standard mode of operation, each secondary node receives 1 GB (∼16.8 s) of raw data which it must process before the next segment arrives. The cluster is divided in two halves, each half processing a single dual-polarization band. The secondary nodes perform real-time coherent dedispersion (Hankins & Rickett 1975 ) using a program called PSRDISP (van Straten 2003) . This program averages the data synchronously with the predicted pulse period and constructs a coherent filterbank with (typically) 128 channels. The four Stokes parameters are constructed from the orthogonal polarizations. PSRDISP corrects for 2-bit quantization errors (Jenet & Anderson 1998) and discards any data with bad digitization statistics. The resulting 'folded' archives are binned using (typically) 1024 phase bins.
The PSRCHIVE (Hotan, van Straten & Manchester 2004b ) software package was used to sum the archives to produce 5-min integrations. 12.5 per cent of the passband was given zero weight at both edges to reduce the effects of filter roll-off and aliasing. Unless otherwise specified, all remaining frequency channels were dedispersed and summed to increase signal-to-noise ratio (S/N) and arrival times were computed from the uncalibrated total intensity (Stokes I) mean profile. If necessary, further time averaging was performed to increase the S/N.
The existing CPSR2 cluster can operate in real time at a wavelength of 20 cm, provided the DM of the source is less than approximately 40 cm −3 pc. Monitoring software displays an integrated profile for the whole observation that updates as each short integration is processed. This allows the observer to immediately assess data quality and fix hardware configuration problems with minimal loss of observing time.
Standard template profiles were constructed for each wavelength band by summing together all the observed profiles. Templates from distinct wavelength bands were aligned to a common fiducial phase by finding the maximum of their cross-correlation function. The two 64-MHz wide bands centred on 1341 and 1405 MHz were combined and all frequency channels integrated to yield a single mean profile with a centre frequency of 1373 MHz. This profile was used to independently time the 1341-and 1405-MHz data. We found that very few points needed to be discarded from the timing residuals due to 'corruption'. The Parkes 20-cm band is relatively interference free and the statistical tests performed by CPSR2 and PSRDISP ensure a high level of data quality. In most cases, a simple selection on the basis of S/N is sufficient to reach the rms residuals presented in this paper, without the arbitrary deletion of 'bad' profiles required by many of our former instruments.
T I M I N G M O D E L S
The algorithm described by Taylor (1992) was used to measure each individual arrival time. In cases of low S/N, we found it necessary to use a procedure that involves zeroing the last 7/8 of the discrete Fourier transform of the template profile before fitting for the relative shift in the frequency domain. The time-domain algorithm described by was used for PSR J1045−4509 because it is better suited to the large duty cycle and low S/N of this pulsar. We applied standard pulsar timing techniques to the measured TOAs. Model fitting was performed using the TEMPO 1 software package.
Galactic electron density models
Broad-band pulses are subject to dispersive smearing by electrons in the interstellar medium (ISM). Lyne, Manchester & Taylor (1985) describe a model of galactic electron density that was used to estimate pulsar distances based on the observed DM. This model consisted of two nearly isotropic disc components and a contribution due to the Gum Nebula. It predicted that electron densities in the plane of the galaxy should in most cases be greater than 0.04 cm −3 . Taylor & Cordes (1993) published a new multicomponent model of the galactic electron density that included spiral arms and had a characteristic disc density approximately half that used by Lyne et al. (1985) . More recently, Cordes & Lazio used various independent distance estimates to produce an updated model known as NE2001 (Cordes & Lazio 2002 .
The original Taylor & Cordes (1993) electron density model is still widely used to estimate pulsar distances. Due to a limited number of free parameters and the patchy nature of the ISM, it has large uncertainties along some lines of sight. In this paper, we use the more recent NE2001 electron density model to estimate the distance to each of our sources. Although this model has not been published in a refereed journal, a comprehensive description and FORTRAN implementation can be found at the following URL: http://rsd-www.nrl.navy.mil/7213/lazio/ne model/
Binary motion
Keplerian binary motion adds five basic parameters to the timing model. These are the orbital period P b , the eccentricity of the orbital ellipse e and the length of its semimajor axis projected along the line of sight x, the longitude of periastron ω and an epoch T 0 when the pulsar is at periastron. Damour & Deruelle (1985 describe a model that includes several post-Keplerian corrections, defined in a theory-independent manner that allows observers to test the predictions of any post-Newtonian gravitational theory. We use this model (henceforth known as 'DD') and a similar model known as 'ELL1' (Lange et al. 2001) , that parametrizes the orbit using two Laplace-Lagrange parameters κ and η, and the time of ascending node T asc . ELL1 is used when the product of the eccentricity and semimajor axis of the system is very small (and the periastron is not well defined).
R E S U LT S
In this section, we summarize the timing of our selected MSPs, beginning with the isolated sources. In all tables, the error in the last significant figure is given in parentheses. These errors represent twice the formal 1σ uncertainty returned by TEMPO. The minimum profile width recorded in each table is defined as the time between half-power points (also known as the 50 per cent width) if there is a single, central component in the mean pulse profile. When the profile consists of multiple distinct components, a visual estimate of the width is made, using the narrowest significant feature in any frequency band. The quotedṖ orṖ b distance limits (see Section 6) 1 http://www.atnf.csiro.au/research/pulsar/tempo represent upper bounds, computed using the value of the relevant parameter plus twice the formal 1σ uncertainty returned by TEMPO. P G represents the component of the observed period derivative that is due to relative acceleration in the galactic potential (Paczyński 1990 ).Ṗ S is the component of the observed period derivative that we estimate is due to the Shklovskii effect (Shklovskii 1970) , which depends on the transverse velocity of the source.Ṗ I is the estimated intrinsic period derivative of the pulsar, takingṖ G andṖ S into account (see Section 6). The S/N threshold is the minimum S/N of any profile included in the timing model fit. Fig. 1 shows standard template profiles for PSR J0711−6830, PSR J1024−0719, PSR J1744−1134, PSR B1937+21 and PSR J2124−3358. Table 2 shows the corresponding timing model parameters and several derived quantities.
Isolated MSPs

PSR J0711−6830
This pulsar suffers from a low density of successful observations and we were forced to include points with S/N as low as 10 to fit for position and spin-down parameters. Day-of-year coverage is patchy and we therefore do not attempt to fit for proper motion or parallax, choosing instead to adopt the proper motion published by Toscano et al. (1999b) . The rms residual we obtain is twice as large as the Toscano et al. (1999b) value, indicating that for this pulsar, additional bandwidth is more beneficial than coherent dedispersion. Unless the S/N can be increased, this pulsar is not a suitable timing array candidate.
PSR J1024−0719
We obtain 92 individual, 1-h integrated profiles with S/N in excess of 20 for PSR J1024−0719, largely due to favourable scintillation. The timing model requires both proper motion and parallax (which we detect for the first time), yielding a rms residual of approximately 1 μs. Our proper motion is very different to that published by Toscano et al. (1999b) . This pulsar's complicated, multicomponent mean profile contains sharp ∼50-μs wide features that allow TOAs to be precisely determined.
PSR J1744−1134
CPSR2 observations of PSR J1744−1134 have produced 611 individual 5-min integrations with S/N in excess of 30 and the rms timing residual is less than 1 μs. The pulse period is short and the mean flux density exceeds 5 mJy (Ord et al. 2004 ), allowing precise timing even with short integrations. Toscano et al. (1999a) obtained a rms residual of 470 ns using 24-min integrations. Scaling this by the square root of the integration time leads us to expect ∼1-μs rms with 5-min integrations. Despite having 1/4 the bandwidth of Toscano et al. (1999a) in each independent band, CPSR2 TOAs have a rms timing residual of 900 ns. Our density of observations is low in the first ∼400 d and we detect apparent long-period timing noise with an amplitude of ∼2 μs, which may jeopardize this pulsar's contribution to a timing array.
PSR B1937+21
This pulsar is plagued by timing noise and DM variations. Kaspi et al. (1994) observe systematic drifts in the timing residuals with amplitudes of a few μs. Using CPSR2, we achieve a rms timing residual of 211 ns with only 5-min integrations. Integrating to 1 h reduces the rms residual to 141 ns, which is significantly worse than we would expect if no systematic errors were present in the residuals. This is still one of the smallest rms residuals ever measured, but we appear to be limited by DM variations and intrinsic rotational instabilities. If the second frequency derivative is left out of the model, the residuals exhibit a clear systematic drift over a period of three years, with a maximum amplitude of ∼1 μs. The larger drifts observed by Kaspi et al. (1994) may be a result of their longer timing baseline, or simply the intrinsic randomness of the mechanism responsible for this timing noise. We must also fit for a single DM derivative, which provides somewhat poor compensation for the quasi-random DM variations detected by Kaspi et al. (1994) and Ilyasov et al. (2005) . Cordes et al. (1990) argue that variable interstellar scattering may also contribute to long-term timing noise in this pulsar.
PSR J2124−3358
This is one of the few pulsars for which emission is visible over nearly the entire rotation period. Although this has important implications for the width of the pulsar's beam, the lack of any sharp features in the mean profile is detrimental to timing precision. The mean flux density at 1400 MHz is only ∼2.5 mJy, and this energy is distributed over nearly the entire pulse period. Lengthy integrations are therefore necessary to achieve high S/N. We obtain 140 individual 1-h integrations with S/N in excess of 20. Fitting these to a timing model yields a rms residual of 2.7 μs, which is sufficient to measure proper motion and parallax, given the proximity of this source.
Comments
We have achieved small timing residuals for PSR J1024−0719 and PSR J2124−3358, allowing us to measure parallax and more precise proper motions than ever before (see Section 6). Toscano et al. (1999b) benefit from additional bandwidth when timing PSR J0711−6830 and PSR J1744−1134, but the exceptional stability of CPSR2 defeats the expected factor of 2 decrease in S/N, at least in the case of PSR J1744−1134. PSR B1937+21 has very high timing precision, but only on short time-scales. More importantly, the reduced χ 2 we obtain from three of these timing model fits is close to unity, demonstrating our relative freedom from systematic errors.
Binary MSPs
We divide the observed binary MSPs into two groups of five on the basis of timing precision and spin period. Table 2 . Timing model parameters for the isolated MSPs. The uncertainty in the last significant figure represents twice the formal 1σ uncertainty returned by TEMPO and is given in parentheses after the value. Values marked with ( 1 ) were adopted from Toscano et al. (1999b) . The error in any value marked with ( 2 ) is dominated by the ill-determined uncertainty in the pulsar distance as derived from the NE2001 galactic electron density model and these values should be taken as a guide only. parameters for the most precise timing sources are shown in Table 3 . The remaining sources are displayed in Table 4 . Figs 2-4 show standard template profiles for the binary MSPs, at a variety of wavelengths.
PSR J0437−4715
The best previous timing solution for PSR J0437−4715 (van Straten et al. 2001 ) had a rms residual of 130 ns at a wavelength of approximately 20 cm. However, this rms residual was obtained from 1-h integrations and several different instruments linked with four arbitrary phase jumps, which could have helped to absorb timing noise. The authors detected the signature of annual orbital parallax, with an expected peak-to-peak amplitude close to our current rms residual. In addition, van Straten et al. (2001) time the polarimetric 'invariant' profile in the hope that it will reduce the impact of observing at different parallactic angles. The invariant interval is defined in terms of the Stokes parameters I, Q, U and V to be
Britton (2000) demonstrates that this quantity is invariant to most of the transformations an observing system can inadvertently apply to a polarized signal. S inv is of little use when the pulsar is highly polarized (as it removes most of the flux), but PSR J0437−4715 has a large component of unpolarized emission. We time the invariant profile of PSR J0437−4715 in this paper. All other pulsars are timed using Stokes I. We now have a continuous, unbroken series of CPSR2 observations spanning nearly 3 yr. Only the receiver package has changed during this time, yet we encounter a number of problems. At 50 cm, there is significant radio frequency interference both within and just outside the observing band. The profile of PSR J0437−4715 broadens at lower frequencies, reducing timing precision. In this paper, we therefore consider only 10-and 20-cm data, which is relatively interference free.
Observations at 20 cm suffer from a systematic error that is most likely induced by the large intrinsic flux density of the pulsar itself, 2-bit quantization errors, or imperfect filters. van Straten (2003) notes that a significant fraction of the pulses emitted by PSR J0437−4715 cannot be adequately characterized using 2-bit sampling and CPSR2 is therefore likely to suffer from quantization Table 3 . DD timing model parameters for the binary MSPs PSR J0437−4715, PSR J0613−0200, PSR J1713+0747 and PSR B1855+09. The ELL1 model was used to time PSR J1909−3744. For PSR J0437−4715 and PSR J1713+0747, the DD model was extended to include annual orbital parallax. Where given, companion masses were estimated from Shapiro delay and pulsar masses were derived from the mass function for the system, using our knowledge of the inclination angle and companion mass. 
errors. Qualitatively, we note that within a 64-MHz wide band near a wavelength of 20 cm, the time delay between successive frequency channels is not representative of the DM of the pulsar. There is an additional slope that can extend over several μs and is perhaps due to aliasing or scattered power (Jenet & Anderson 1998) . To combat this problem, we discard all but the central 5 MHz of the band. PSR J0437−4715 is so bright at 20 cm that the associated S/N penalty is not significant. Our data quality varies with the receiver used; with the multibeam system, we note that the timing residual for any observation depends on the parallactic angle. This dependence is not completely removed by timing the invariant interval, though it is significantly reduced. The residual dependence may arise from imperfect estimation of the off-pulse signal, quantization errors or small non-linear polarization transformations introduced by the receiver system itself. The new arrival time fitting method described by van Straten (2006) Table 4 . DD timing model parameters for the binary MSPs PSR J1022+1001, PSR J1045−4509, PSR J2129−5721 and PSR J2145−0750. The ELL1 model was used to time PSR J1603−7202. Where coordinates are given in two reference frames, the best fit for each frame was obtained independently. Values marked with ( 1 ) assume a pulsar mass of 1.3 M . Values marked with ( 2 ) were adopted from Toscano et al. (1999b band offers relative freedom from the systematic errors encountered at 20 cm (due to a smaller intrinsic flux density), a sharper pulse profile, a cleaner observing band and better polarimetric purity. Using 1-h integrations at a centre frequency of 3000 MHz, we obtain a rms residual close to 200 ns. Future observations will be made primarily at 10 cm, but in this paper we rely on 20-cm observations to extend our timing history and thus constrain the astrometric parameters of the pulsar.
PSR J0613−0200
This is one of the few pulsars that can be timed to higher precision at lower frequencies (despite interference), where the mean profile evolves a narrow spike. The rms residual quoted in Table 3 is comparatively large due to the fact that we must include 20-cm TOAs to extend our timing baseline in order to measure proper motion and parallax (which we detect for the first time). We also maintain 5-min time resolution to increase the number of TOAs in the fit. After integrating to 1 h and removing all 20-cm data, fitting only for position, P andṖ and all binary parameters, we obtain a rms residual of 620 ns.
PSR J1713+0747
This is one of the most precisely timed pulsars ever observed. With 5-min integrations and 64-MHz wide bands centred on 1341 and 1405 MHz, we obtain a very small rms residual of 250 ns. Using 1-h integrations this drops to 125 ns, one of the smallest rms residuals ever measured. Even this value is larger than we might expect based on the scaling of the integration times, indicating that systematic errors may be present at a low level. We do not include any 50-cm data because the profile broadens at lower frequencies, reducing the precision of arrival time measurements. Our data reveals a wealth of information about the binary system. We use this very precise timing to detect Shapiro delay and annual orbital parallax (see Section 7).
PSR B1855+09
We include PSR B1855+09 in this group even though its rms residual is above 3 μs. Given that observations of this source commenced only recently, we must use 5-min integrations to maintain a large number of timing points. Lengthier integrations and more intensive observing should reduce the rms residual significantly, given that Kaspi et al. (1994) have already demonstrated sub-μs timing for this pulsar. Despite the small number of observations, we have reasonable orbital phase coverage and use Shapiro delay to constrain the orbital inclination and companion mass, though we cannot yet confirm previous detections of parallax or proper motion.
PSR J1909−3744
PSR J1909−3744 is one of the best timing sources ever discovered. This pulsar's orbit is extremely circular and we therefore adopt the ELL1 timing model described by Lange et al. (2001) . Again, we discard all 50-cm data to improve the rms residual, which is 300 ns with 5-min integrations and 150 ns with 1-h integrations. Our line of sight is almost edge-on to the orbital plane, allowing the most precise measurement of Shapiro delay ever made. The observed period and binary period derivatives are dominated by kinematic effects, providing tight limits on the distance to the pulsar. Because our time-span is slightly longer than that of Jacoby et al. (2005) , our values for proper motion and orbital period derivative are more precise.
PSR J1022+1001
This pulsar was once thought to have an unstable mean profile that corrupted its timing at a level of 20 μs (Kramer et al. 1999) . The timing residual presented in Table 4 (1.5-μs rms) is consistent with the work of Hotan, Bailes & Ord (2004a) ; we find that this pulsar times very well given its relatively long, 16-ms period. We obtain stronger limits on the proper motion, parallax and Shapiro delay in this paper and demonstrate its continued timing stability.
PSR J1603−7202
PSR J1603−7202 has a narrow double-peaked profile that allows precise arrival time measurements. We obtain a rms residual of the same order as PSR J1022+1001. With a DM of approximately 38 cm −3 pc, this pulsar is one of the more distant in our sample and we detect only a small proper motion and no parallax. This pulsar's companion has a mass of order 0.5 M , but we do not detect any signature of Shapiro delay. We infer that the inclination angle of the system must be less than ∼45
• , if the pulsar mass is assumed to be 1.3 M .
PSR J2145−0750
PSR J2145−0750 is another relatively long-period MSP that times very well (1.3-μs rms) due to a favourably narrow mean pulse feature. Although Loehmer et al. (2004) measure a parallax that is consistent with the DM distance of 500 pc, we do not detect any parallax signature in the timing residuals. Our 2σ limit on parallax (see Section 6) constrains the pulsar to be further than 1.1-kpc away.
PSR J1045−4509
PSR J1045−4509 appears to exhibit timing noise with an amplitude of approximately 10 μs, which may explain the large rms residual. It has a low-mass companion and we cannot place any interesting limits on the system from Shapiro delay.
PSR J2129−5721
Observations of PSR J2129−5721 are limited and we are forced to maintain 5-min time resolution, which greatly reduces the S/N. This contributes to the comparatively large rms residual; lengthy observations may yet lead to greater timing precision.
Comments
Most of the MSPs in Table 4 have periods of order three times larger than those in Table 3 and their rms residuals are higher by approximately the same order, demonstrating a proportionality between spin period and timing precision. In the next section, we test our newly derived timing models for self-consistency by interpreting the fitted parameters in a physical context. 
P RO P E R M OT I O N S , D I S TA N C E S A N D I N I T I A L S P I N P E R I O D S
Isolated MSPs can be modelled using relatively few free parameters. Aside from their intrinsic period P, spin-down rateṖ and DM, only position, proper motion and parallax must be accounted for. These last two often have small timing signatures and are only detectable if the pulsar is nearby. Detection of both allows the distance and transverse velocity of the pulsar to be uniquely determined, aiding studies of Galactic kinematics. The observed spin-down rate is also connected to the motion of the pulsar. Constant motion along the line of sight introduces a Doppler shift that changes the observed period by a fixed amount, but this is absorbed as a constant offset. If the velocity along the line of sight changes, the offset will shift, causing an apparent change in period. Thus, any acceleration along the line of sight will contribute to the observed spindown rate. In most cases, the acceleration experienced by a pulsar (excluding binary motion, which is modelled separately) will be a combination of differential Galactic rotation (usually small), acceleration towards the plane of the Galaxy and perhaps acceleration due to nearby stars. If the pulsar happens to reside in a globular cluster, the gravitational potential of the cluster will dominate -sometimes to the point where the observed period derivative is negative. Shklovskii (1970) pointed out that constant transverse motion can induce an apparent acceleration along the line of sight, contributing to the observedṖ. The magnitude of this effect iṡ
Here,Ṗ s is the Shklovskii period derivative (which adds to the intrinsicṖ), v is the transverse velocity of the system, d is the distance to the pulsar, c is the speed of light, P is the period and μ = v/d is the composite proper motion. Knowledge of the composite proper motion and observed period derivative allows an upper limit to be placed on the distance to the pulsar by assuming that all the observedṖ is kinematic in origin. This provides a consistency check for distances determined using electron density models or parallax. It should be noted that equation (2) applies to any periodic signal whose point of origin is in motion and an equivalent expression can be written down for the observed binary period P b (if any) and its derivative. Although the signature ofṖ b is much more difficult to detect, it can lead to a better distance estimate (Bell & Bailes 1996) .
Alternatively, if the distance and proper motion of the pulsar can precisely be determined by observation, we can calculate the kinematic contribution to the observed period derivative. Using models of the Galactic gravitational potential (Paczyński 1990 ), we can also estimate the component of the observed period derivative due to relative acceleration along the line of sight. By subtracting both these contributions from the observed period derivative, we can determine the intrinsic period derivative, which can be used to estimate the characteristic spin-down age of the pulsar, assuming a constant rate of change and an initial period close to zero.
If the pulsar resides in a binary system, relative motion between the source and the observer slowly changes the line of sight to the orbital plane, introducing either a secular or periodic (depending on the cause of the motion) time dependence into several of the binary parameters. These effects are subtle and rarely observable, but offer the chance to constrain the parameters of the system in a manner completely independent of post-Keplerian gravitational theory. Kopeikin (1996) derived expressions for the secular kinematic contribution to x obs = x + δx and a similar effect upon the longitude of periastron ω obs = ω + δω.
Here, i is the inclination angle of the system, μ α is the component of proper motion in right ascension, μ δ is the component of proper motion in declination and is the longitude of the ascending node, which defines the orientation of the orbit with respect to rotations about the line of sight. Taking the time derivative of equation (3) giveṡ
which can be rewritten aṡ
Here, |μ| is the magnitude of the proper motion vector and θ μ is the corresponding position angle on the sky. Often, i and are unknown, making it difficult to estimate the observable signature ofẋ. Knowledge of i allows an upper limit to be placed on the absolute value ofẋ by assuming |sin (θ μ − )| = 1. Alternatively, rearranging the equation allows detection ofẋ to place a lower limit on the magnitude of the composite proper motion and an upper limit on the inclination angle. If the detection of Shapiro delay can be used to measure sin (i), detection ofẋ can constrain .
In this section, we analyse the self-consistency of our astrometric measurements and compare them with other published results.
We measure the parallax of PSR J0613−0200 for the first time; the value of 2.1 ± 0.6 mas corresponds to a distance of only ∼500 pc, three times closer than the distance predicted by NE2001. Additional high-precision 50-cm observations should reduce the parallax uncertainty. The proper motion we measure in declination (−10.5 ± 0.6 mas yr −1 ) is not consistent with the value of − 7 ± 1 mas yr −1 measured by Toscano et al. (1999b) . PSR J1022+1001 lies very near the ecliptic plane; timing experiments cannot strongly constrain the position or proper motion in a direction normal to the ecliptic, but the uncertainty is minimized by fitting for position in ecliptic coordinates. Our value for proper motion in ecliptic longitude agrees with the value of − 17 ± 2 mas yr −1 published by Kramer et al. (1999) , but the proper motion in ecliptic latitude is not constrained. We have an estimate of the inclination angle from Shapiro delay measurements (41
• ) and also a measurement ofẋ. We can therefore use equation (6) to calculate a lower limit on the composite proper motion. We require |μ| > 7 mas yr −1 , which means that our model is consistent with μ β being near zero. Because we only have a lower limit on the proper motion, we cannot constrain the maximum |ẋ|. However, if we assume that |μ| = 7 mas yr −1 , equation (6) can be used to place an upper limit of 2 × 10 −14 lt-s s −1 on |ẋ|. This is consistent with the value of 4 ± 2 × 10 −14 lt-s s −1 that we measure. It is therefore very likely that our measuredẋ is purely kinematic and the composite proper motion is only slightly larger than 7 mas yr −1 . Sources in the ecliptic plane experience the largest signature of parallax; we measure a value of 2.5 ± 0.8 mas, compared to the Hotan et al. (2004a) value of 3.3 ± 0.8 mas. The previous value was obtained by fixing the proper motion to the value published by Kramer et al. (1999) , but the more recent value was obtained from a longer timing baseline which allowed us to fit for proper motion and parallax simultaneously. Future observations will further refine this value. The parallax distance of 400 +190 −100 pc is consistent with the NE2001 distance of 450 pc. The composite proper motion of PSR J1024−0719 published by Toscano et al. (1999b) (81 ± 4 mas yr −1 ) exceeds our measurement of 59 ± 1 mas yr −1 . Because we have more than three times the number of TOAs and 1/4 the rms timing residual, we feel confident that the new values for μ α and μ δ presented in Table 2 are correct. The NE2001 distance for this pulsar is 390 pc. The Shklovskii distance upper limit is very interesting because it implies that the intrinsic spin-down rate would be negative if the pulsar were more than 430-pc away, meaning that nearly all of the observed spindown rate is kinematic in origin. We measure a parallax of 1.9 ± 0.8 mas that is consistent with the Shklovskii limit at the 1σ level and constrains the distance to the system. Using this distance measurement, we calculate an upper limit on the intrinsic spin-down rate of 0.3 × 10 −20 s s −1 , corresponding to a characteristic age greater than 27 Gyr. Riess et al. (2005) PSR J1024−0719 and two other sources in our list (J1744−1134 and J2124−3358) have been observed in X-rays (Becker & Trümper 1999) . A deep observation with the Very Large Telescope produced a possible detection of PSR J1024−0719 at optical wavelengths (Sutaria et al. 2003) . Studies of high-energy emission benefit from accurate knowledge of the distance to the source, which these timing observations help to constrain.
We measure a small composite proper motion of 7 ± 1 mas yr
for PSR J1603−7202, similar to the value of 8.7 ± 0.7 mas yr −1 measured by Toscano et al. (1999b) . This can be used, along with the NE2001 distance, to estimate the kinematic contribution to the observed value ofṖ, which we find to be 0.2 × 10 −20 , or 14 per cent of the observed value. We then compute a characteristic age upper limit of 16 Gyr, which is slightly older than the Hubble time, though smaller than the value of 21 Gyr determined by Toscano et al. (1999b) . Assuming the measured intrinsic spin-down rate is constant, the pulsar must have been born with a period greater than 8 ms. NE2001 predicts that this pulsar is more than 1-kpc away and we cannot detect the signature of parallax.
The kinematic properties of PSR J1713+0747 were well measured by Splaver et al. (2005) . Our parallax of 1.1 ± 0.1 mas is 2σ away from their measurement of 0.89 ± 0.08 mas and places the pulsar slightly closer to the Solar system, at a distance that corresponds very well to the NE2001 distance. The formal errors on our proper motion measurement are smaller but still consistent with the 1σ limit of Splaver et al. (2005) . Toscano et al. (1999a) measure the proper motion and parallax of PSR J1744−1134 and conclude that the pulsar is more than twice as far away as its small DM and the Taylor & Cordes (1993) galactic electron density model imply. The more recent NE2001 electron density model uses this pulsar as a calibrator, so there is no predictive power in the distance estimate. We measure a proper motion that is significantly different (about 3σ in both coordinates) to that previously published, and our parallax measurement of 2.1 ± 0.4 mas is smaller than the value of 2.8 ± 0.34 mas published by Toscano et al. (1999a) , but within 2σ . As our timing baseline increases, we will have greater confidence in these astrometric measurements.
We measure a parallax of 0.88 ± 0.04 mas for PSR J1909−3744, corresponding to a distance of 1140 ± 50 pc, more than twice that predicted by NE2001. We use equation (2) and its orbital period analogue to obtain upper limits that are close to the parallax distance, implying that a large fraction of the observed period and orbital period derivative are kinematic in origin. In fact, the characteristic age of this pulsar is slightly larger than the Hubble time, implying an initial spin period longer than 1.5 ms. Equation (6) can be used in conjunction with our measurement of the inclination angle (from Shapiro delay) to place an upper limit of 3 × 10 −16 on |ẋ|. Fitting for this parameter yields a value of 1.5 ± 1.4 × 10 −15 , which is consistent with the predicted value given the large degree of uncertainty.
In summary, we find slight discrepancies in our measured proper motions when compared with previously published results, at the level of a few σ . This may indicate that the formal uncertainty returned by TEMPO is too small or that unmodelled systematic errors are present in our data. One possible explanation is our use of the DE405 2 Solar system ephemeris. Splaver et al. (2005) use very precisely determined pulse arrival times from PSR J1713+0747 to demonstrate that DE405 is significantly more accurate than its predecessor, DE200. Our timing of PSR J1909−3744 can be used to investigate the behaviour of these two ephemerides in a similar way. The total χ 2 we obtain from a timing model fit (allowing all except the Shapiro delay parameters to vary) using DE405 is 2831. If we use the older DE200 ephemeris, the χ 2 increases to 3108 and we obtain α = 19:09:47.437 5075(8), δ = −37:44:14.319 66(6), μ α = −9.78(2) and μ δ = −36.09(6). The difference of 277 χ 2 units clearly indicates that DE405 is superior to DE200. The fitted values for position and μ α are inconsistent with the values listed in Table 3 , the value for μ α in particular is more than 10σ away. However, the difference we measure corresponds to ∼0.3 mas yr −1 , which is small compared to some of the discrepancies we find. For example, the proper motion in declination that we measure for PSR J0613−0200 is 3 mas yr −1 greater than that published by Toscano et al. (1999b) . This is a factor of 10 greater than the differences we can attribute to the new reference frame of DE405. Indeed, changing the Solar system ephemeris and refitting for proper motion in the timing model for PSR J0613−0200 does not change the parameters significantly. In general, it is not advisable to compare astrometric parameters obtained with reference to DE200 and DE405, although the magnitude of the reference frame rotation is only ∼0.3 mas yr −1 , which cannot explain some of the larger discrepancies we see.
We measure parallax in the timing residuals of PSR J2124−3358 for the first time. Although the significance of the detection is low, the corresponding distance estimate of 250 pc agrees with the NE2001 distance and both are well within the Shklovskii upper limit. Our proper motion measurements are consistent with those published by Toscano et al. (1999b) . This pulsar has been detected in X-rays with several different instruments (Becker & Trümper 1999; Sakurai et al. 1999 Sakurai et al. , 2001 , and Gaensler, Jones & Stappers (2002) have identified a highly asymmetric optical bow shock in Hα emission. Studies of this high-energy emission may benefit from an improved distance estimate, which future timing will provide.
In contrast with Loehmer et al. (2004), we do not detect a significant parallax in the timing residuals of PSR J2145−0750, in the reference frame of either the DE200 or the DE405 Solar system ephemeris. Loehmer et al. (2004) claim to detect a parallax of 2.0 mas, however, if we assume this value and fit for position and proper motion, the χ 2 increases by 15 compared to the no-parallax case. Given that our rms timing residual is less than half that of Loehmer et al. (2004) , and that the timing signature of parallax depends more on day-of-year coverage than the total span of observations (once there is a long enough baseline to break any covariance with other parameters), we should easily be able to detect a parallax as large as 2.0 mas. By computing a one-dimensional χ 2 profile, we can rule out any parallax larger than 0.9 mas at the 2σ level, implying that the distance is greater than 1.1 kpc. Interestingly, the longer data span available to Loehmer et al. (2004) reveals secular evolution of the projected semimajor axis. However, if we adopt the value ofẋ = 1.8 ± 0.6 × 10 −14 lt-s s −1 and fit for parallax, the result is <0 and clearly unphysical. Given this paradox, we are reminded to treat astrometric timing measurements with some caution. Of course the Loehmer et al. (2004) parallax may be correct, as it agrees well with the DM distance and can be used to predict the measured scintillation velocity of the pulsar. Our distance limit implies a mean electron density of just 0.008 cm −3 along the line of sight, which is small, but not unreasonable and very similar to that of PSR J1744−1134. Our density of timing points is low during the first year of observations and with time we may resolve this contradiction. Our Shapiro delay limits (see Section 7) on the system inclination and companion mass agree very well with those of Loehmer et al. (2004) .
In all, we have independent distance measurements for eight pulsars, which can be used to estimate the mean electron density along the line of sight to the source. Table 5 summarizes our findings.
We see that two of the electron densities show significant deviations from the NE2001 model. Our parallax measurements for PSR J0613−0200 and PSR J1909−3744 are new and the corresponding electron densities are significantly at odds with the predictions of NE2001. In one case the density is underestimated and in the other it is overestimated. NE2001 was designed to be better than the Taylor & Cordes (1993) model, but even with greater complexity we see that it cannot always predict the correct distance. Using our parallax distances, we find that the average transverse velocity of our targeted MSPs is 87 +31 −14 km s −1 , in very good agreement with the value of 85 ± 13 km s −1 published by Toscano et al. (1999b) . In several of our MSPs, we have determined that the initial spin periods were near their current values and have therefore not changed much during their observable lifetimes, as suggested by Camilo, Thorsett & Kulkarni (1994) . Bailes (2006) has recently shown that no recycled pulsars have spin periods less than 10 m c /m p ms, where m c is the companion mass and m p is the pulsar mass. Weak magnetic fields that lead to slow period evolution help to ensure this relation is not washed out by period evolution. Table 5 . Estimated mean electron density along the line of sight to each pulsar for which we have a measurement of parallax. Uncertainties in DM and parallax can be found earlier in this paper and are incorporated into the stated uncertainty in measured n e . 
O R B I TA L PA R A M E T E R S
Shapiro delay
We can use either the detection or the lack of observed Shapiro delay signature to constrain the orbital parameters of all the binary pulsars in our source list except PSR J1045−4509 and PSR J2129−5721. Shapiro delay is parametrized by its range and shape, which are represented in the DD timing model by two theory-independent parameters, r and s. These correspond to companion mass, m c , and sin (i) if we assume that general relativity is the correct theory of gravity. Measurement of both parameters and the pulsar mass function yields a value for the mass of the pulsar itself (again, assuming general relativity is correct). We construct two-dimensional χ 2 maps to determine these two parameters, along with their uncertainty.
PSR J0437−4715 is only mildly relativistic, but its close proximity allows high-precision observations. van Straten et al. (2001) detect a very weak Shapiro delay and measure the rate of periastron precession with marginal confidence. Our measurement of the longitude of periastron at an epoch several years in advance of the previous measurement yields a rate of change equal to 0.02 ± 0.01
• yr −1 , consistent with the measurement of 0.016 ± 0.01
made by van Straten et al. (2001) . This rate of change is small and we are unlikely to obtain a better limit on the sum of the masses from general relativity for some time. van Straten et al. (2001) also measure the signature of annual orbital parallax. This breaks the degeneracy in our knowledge of the sign of the inclination angle, which cannot be determined from Shapiro delay alone. We allow the parameter to vary freely while mapping the i − m c plane and can determine the inclination angle to high precision, but the companion mass is not as well constrained (see The 1σ Shapiro delay contour for PSR J1022+1001 is quite extended, however, if we assume a reasonable pulsar mass of 1.3 M , we find that the inclination angle should lie between 41
• and 53
• (the uncertainty in the sign of this angle is not stated explicitly but should be assumed hereafter unless otherwise stated). Assuming the same pulsar mass, the companion mass should lie somewhere in the range 0.8 to 1.3 M , making it almost certainly a heavy white dwarf. By similar arguments, we can constrain the inclination angle of PSR J0613−0200 to be between 59
• and 68
• . This corresponds to a companion mass between 0.13 and 0.15 M . Even if we let the pulsar mass vary between 1.0 and 2.0 M , the companion mass remains between 0.1 and 0.2 M (68 per cent confidence). This makes it one of the most dissymmetric MSP binary systems suitable for tests of general relativity.
PSR J1713+0747 can be timed with such high precision that both Shapiro delay and annual orbital parallax have been detected (Splaver et al. 2005) . We therefore include in the timing model and allow it to vary when computing the map over i − m c space (shown in Fig. 6 ). We measure i = 76.6 +1.5 • −2.0 and m c = 0.25 ± 0.03 M . The inclination angle is slightly larger and the companion mass slightly smaller than the values of i = 71.9 ± 1.8
• and m c = 0.28 ± 0.03 M that Splaver et al. (2005) measure, but both are consistent at the 2σ level.
For PSR B1855+09, we measure an inclination angle of 73
degrees and m c = 0.21 ± 0.07 M . Our results are less precise than, but consistent with, those presented by Kaspi et al. (1994) . Additional observations will increase the density of points in orbital phase and allow a more precise measurement of the Shapiro delay.
The large inclination and precise timing properties of PSR J1909−3744 make the signature of Shapiro delay highly significant. Fig. 7 shows that the inclination angle is constrained to lie between approximately 86.4
• and 86.7
• and the companion mass is 0.207 ± 0.002 M . The orbital eccentricity is 1 × 10 −7 , making this the most circular pulsar binary system ever observed, a record previously held by PSR J1012+5307 (Lange et al. 2001) . We use the ELL1 binary model to better characterize the shape of the circular orbit, but the uncertainty in the derived longitude of periastron is still ∼8
• . It is therefore unlikely that the rate of periastron advance will ever be measured. PSR J1909−3744 could provide a stringent test for the presence of gravitational dipole radiation, thanks to its low eccentricity and our precise knowledge of the component masses and inclination angle. Wex (2000) states that the best single-source limit is α p < 0.02, based on the timing of PSR J1012+5307. Unfortunately, the orbital period derivative of PSR J1909−3744 is dominated by kinematic effects and therefore tied to its distance from the Solar system. Using our parallax distance to correct for the kinematic contribution toṖ b , we can set a limit of α p < 0.03 (68 per cent confidence), which is already close to the best constraint.
PSR J1909−3744 may also be a good system in which to test for violation of the strong equivalence principle (SEP) in the strong field regime (Damour & Schäfer 1991; Wex 2000; Stairs et al. 2005) . Wex (1997) describes the characteristics a binary system must possess to provide a constraint. First, the inequality P b 2 /e > 10 7 d 2 must hold. This is certainly true for PSR J1909−3744 thanks to its small eccentricity. Secondly, the binary system must be old enough for the orientation of the eccentricity vector to have been randomized with respect to the Galactic potential. After correcting for kinematic and galactic effects, the characteristic age of PSR J1909−3744 is at least 14 Gyr which is more than sufficient. Some amount of statistical analysis will be necessary to derive a constraint on SEP violation due to the fact that we do not yet know the full three-dimensional orientation of the orbit. This is left for future work. With an orbital period of only 1.5 d, PSR J1909−3744 may have evolved differently to the wide-orbit binary MSPs studied by Stairs et al. (2005) , offering an opportunity to test a new kind of system. Loehmer et al. (2004) use their detection ofẋ and the lack of Shapiro delay in the timing residuals of PSR J2145−0750 to place a limit of 0.5 m c 1.0 M on the companion mass. Although we do not detect any evolution of the projected semimajor axis within 3 yr, assuming a 1.3 M pulsar leads to a limit of m c > 0.5 and i < 45
• , at the 2σ level. Our limit on the mass of PSR J1713+0747 is 1.1 ± 0.2 M , significantly lower than (but still consistent with) the 1σ limit of Splaver et al. (2005) . Bailes et al. (2003) point out that most pulsar mass estimates come from members of DNS binary systems and show that the mass estimate for PSR J1141−6545 (which has a ∼1 M companion) is slightly smaller than the average. Both PSR J1713+0747 and PSR J1909−3744 have much less massive companions, but the pulsar masses are also quite different. It will be necessary to study a wider range of dissymmetric pulsar binary systems in order to establish any mass relationship. Our binary timing models are only strictly valid when both stars can be treated as point masses. Pulsars with very low-mass companions (like PSR J0613−0200) will test this assumption.
Annual orbital parallax
For a nearby pulsar with favourable orbital orientation, the heliocentric motion of the Earth can introduce periodic variations in two of the Keplerian binary parameters, as shown by Kopeikin (1995) .
Here, I 0 = r · I 0 and J 0 = r · J 0 , where r is the position vector of the Earth in the Solar system (as a function of time) and I 0 , J 0 and K 0 are the set of basis vectors used to describe the pulsar binary system. The conventions used to describe a three-dimensional basis for the orientation of an orbit differ between Kopeikin (1995) and Splaver et al. (2005) . The latter authors quantify these differences, most notably a rotation of 90
• about the line of sight. We adopt the basis used by Kopeikin (1995) and van Straten et al. (2001) .
Depending on the orientation of the system, the timing signatures of equations (7) and (8) can have very different amplitudes. Because equation (7) introduces a dependence on tan (i), its detection breaks the usual degeneracy in the inclination angle, allowing us to tell whether the orbital angular momentum vector is pointing towards or away from the observer.
PSR J0437−4715
Because the signature of Shapiro delay is very weak, including r and s in the timing model does not provide a good constraint. However, fitting for i and allows the inclination angle and orbital orientation to be measured. We obtain the values = 237 ± 4
• and i = 42.5 ± 0.2
• . The χ 2 map is shown in Fig. 8 . van Straten et al. (2001) obtain a very similar value for and a value of 42.75 ± 0.09
• for i, which is consistent with our measurement, even though the data sets are completely independent.
It is interesting to note that the uncertainties in proper motion anḋ x decrease as t 3/2 . With more timing history, it would be possible to use equation (6) to obtain a very precise relationship between i and . This would add a new constraint to Fig. 8 . At the moment, our lack of precision inẋ means that we can only constrain the inclination angle to be less than 44.5
• using this method. The limit obtained from Fig. 8 is better. Presently, we rely on trigonometric parallax to define the distance to the pulsar, which appears in the two equations (equations 7 and 8) that define annual orbital parallax. In future, the Bell & Bailes (1996) distance estimate may prove to be even more precise than parallax, and we will then be able to determine the orientation and inclination of the system to very high precision. This reduces the search for Shapiro delay to a one-dimensional problem and may offer a better constraint on the companion mass.
PSR J1713+0747
In contrast to PSR J0437−4715, Shapiro delay has a very significant effect on the timing residuals of PSR J1713+0747. Because Shapiro delay is highly covariant with the length of the projected semimajor axis, it is necessary to fit for the three parameters i, and m c simultaneously to properly constrain the system. We also use equation (3) to compensate for secular evolution of the projected semimajor axis instead of fitting for an arbitraryẋ. We map out a complete three-dimensional χ 2 volume for a uniform grid of points in i, and m c to determine the favoured combination. In order to determine uncertainties, we compute a two-dimensional map over i and , leaving m c free (Fig. 9) .
Although we identify several local minima in the i − plane, there is a clear global minimum more than 3σ below the others. We measure = 81 +8 −9 degrees and i = 76.6 +1.5 −2.0 degrees. We note with interest that given the 90
• basis rotation with respect to Splaver et al. (2005) , our value for does not agree with previous measurements. The discrepancy may be due to our shorter timing history, which makes it more difficult to constrain the secular evolution of the binary parameters. If we computeẋ using equation (6), we obtain a value of −6.2 ± 1.5 × 10 −15 . Fitting forẋ without sin (i) or m c yields a value of −3.5 ± 0.4 × 10 −14 , but including the Shapiro delay parameters and our best estimate of in the fit changes the value to −5 ± 4 × 10 −15 , as shown in Table 3 . This compares well with the expected value, though the uncertainty is large. The sign of the value is consistently negative, in contrast to the measurement of Splaver et al. (2005) . Our measurements also allow an estimate of the pulsar mass, which we find to be 1.1 ± 0.2 M . This is smaller than previous estimates, but still consistent with the typical value of ∼1.3 M .
P U L S A R S TA B I L I T Y
The timing presented in this paper is some of the most precise ever published. 1-h integrations of PSR J1909−3744 produce a rms residual of 150 ns, which is only 0.4 per cent of the pulse width. The effective sampling time (the reciprocal bandwidth of a single spectral channel) is 2 μs, an order of magnitude larger than the rms residual.
Traditionally, such precise timing has been plagued by large reduced χ 2 values, indicative of systematic or underestimated errors. Observers were forced to ignore the problem or apply an arbitrary, uniform scaling to the TOA error estimates in order to compensate. We see in this paper that CPSR2 data requires little or no error scaling as the reduced χ 2 of our most precise timing sources is already close to unity.
Fundamental timing stability
One of the simplest ways to determine the presence of low-level systematic errors in any set of arrival times is to compute the way in which the rms residual changes when successively larger numbers of consecutive timing residuals are averaged. For white-noise residuals, the rms residual should decrease as the square root of the number of residuals averaged. Figs 10 and 11 show the results of this test when performed on PSR J0437−4715 and PSR J1713+0747.
It is interesting to quantitatively consider the relative timing stability of the best pulsars in our sample using a figure of merit more descriptive than the rms timing residual. To do this, we compute the σ z (Matsakis, Taylor & Eubanks 1997) statistic as a function of time-scale (Fig. 12) .
We must use 5-min average TOAs to maintain a large number of points, which has the effect of increasing all σ z values relative to those computed with longer integrations (Kaspi et al. 1994) . PSR J1909−3744 and PSR J1713+0747 are the best pulsar clocks, far exceeding the stability of PSR B1855+09. With a few more years of observations we may be able to place more stringent limits on g than those already obtained (Kaspi et al. 1994) . We note that Splaver g h 2 = 10 −7 , 10 −8 and 10 −9 . Although our total time-span is small, we see that PSR J1909−3744 is significantly more stable than B1855+09. et al. (2005) require terms up to and including the eighth frequency derivative to 'whiten' their timing residuals for PSR J1713+0747, over a time-span of 12 yr. We can obtain 125-ns rms residuals over a time-span of ∼3 yr by fitting only for the first frequency derivative.
In general, it is difficult to obtain a rms residual below 100 ns with current instruments and procedures. At this level of accuracy a large number of problems start to arise. These include imperfect calibration, instrumental distortions of the pulse profile, non-uniform bandpasses and uncertainties in the relationships between various time-scales.
Dispersion measure variability
For 8 of our 15 pulsars, the measured DM is significantly different to other values that appear in the literature. In the case of PSR B1937+21, variations in DM measurements have already been studied and attributed to genuine changes in the observed DM Table 6 . DM values and comparison with previous results. The second column shows the minimum difference between the DM value we measure and a previously published value for eight pulsars, where the change is outside the 1σ error margin. The third column shows the elapsed time between the two measurements and the fourth column shows the corresponding rate of change per year. The fifth column shows the offset that an uncorrected DM drift of this magnitude would introduce into the pulse arrival times each year. The final column lists the references from which the earlier DM values were obtained. (Kaspi et al. 1994) . Fitting for the first derivative of DM in the timing model we have constructed gives a value of −0.0012 ± 0.0004 cm −3 pc yr −1 , which matches very well with the slope seen in fig. 3 of Kaspi et al. (1994) .
In general, measurements of DM are subject to a number of systematic errors. Any misalignment of the standard template profiles used to produce TOAs at different observing frequencies will appear as a constant offset in the measured DM. Because pulse profiles can evolve with frequency, it is sometimes difficult to determine the best alignment and even more difficult to ensure that the offset does not change when new template profiles are constructed. A systematic offset could also be introduced by the observing system, which may have different signal path lengths at different frequencies. This means that the uncertainty in a DM measurement is often underestimated, which makes it difficult to compare measurements of DM taken with different telescopes and at different epochs.
In order to investigate the magnitude of any intrinsic and systematic DM variations in our data, we compare our measurements with a selection of previously published values and estimate the rate of change per year, assuming linear evolution. We also compute the time delay this would introduce if the incorrect DM were assumed in the timing model (Table 6 ).
The discrepancies between measured DM values correspond to systematic time delays of up to 5 μs per year, which would be catastrophic to any precision timing project. Monitoring the DM of a pulsar precisely requires regular observations at multiple frequencies over a long time-span using the same hardware configuration. In future, this will be necessary to avoid systematic errors and determine the true nature of the observed DM variations.
Pulsar-based time standards
Long-term precision timing of MSPs has demonstrated stability comparable to the best terrestrial atomic clocks. It is therefore reasonable to test whether or not terrestrial time standards can be made redundant by using one pulsar to time another. The best reference source is the pulsar that has the smallest rms residual, provided it does not exhibit any timing noise. We use PSR J1909−3744.
In practice, observatories require a stable local frequency standard implemented in hardware. At Parkes, the observatory time standard is a H-maser whose offset from UTC is monitored daily by comparison with time signals from GPS satellites. Observations of the pulsar we choose to use as a new time standard must be made using the local frequency reference. However, assuming our mathematical timing model is perfect, any systematic trend in the timing residuals (where all parameters are kept fixed and no clock corrections are applied) must correspond to errors in arrival time assignment, either due to profile corruption or due to a drifting local clock. These residuals can be used to correct the arrival times obtained from any other source. This mutual 'referencing' of arrival times is fundamental to methods for detecting long-period gravitational waves.
We obtained our best timing model for PSR J1909−3744 using the clock corrections published by the observatory and then removed the GPS-Parkes correction from TEMPO and performed a new fit, keeping all model parameters constant. The uncorrected residuals were then averaged within successive days, inverted in sign and printed out in a format consistent with the TEMPO 'time.dat' clock correction file. These new corrections were used to time PSR J1713+0747 and PSR J1744−1134. Comparing the rms timing residual obtained using the 'official' clock corrections to that obtained with the corrections derived from PSR J1909−3744 indicates the effectiveness of the pulsar clock.
Daily average residuals from PSR J1909−3744 contain significant scatter at the level of ∼100 ns, which we smooth by using a process of linear interpolation. The new clock corrections are broken into four segments, bounded by points where the first derivative is undefined due to hardware adjustment of the maser rate. We fit a straight line to each segment, and obtain smoothed clock corrections from the linearized model. This is a reasonable approximation; to first order, most clock errors consist of a steady drift at some small rate. Fig. 13 summarizes our approach.
Using the linearized PSR J1909−3744 clock corrections, we obtain a rms residual of 133 ns for 1-h integrations of PSR J1713+0747 and 882 ns for 5-min integrations of PSR J1744−1134. This corresponds to an increase of 8 ns for PSR J1713+0747 and a decrease of 8 ns for PSR J1744−1134. The figure of 133 ns represents one of the smallest rms residuals ever obtained.
Unfortunately, pulsar time standards suffer from a number of limitations at the present time. Fig. 13 illustrates that a very high density of observations is required to accurately monitor clock drifts; the gap in observations around MJD 53000 leaves a significant discrepancy between the linearized model and the official corrections. PSR J1713+0747 and PSR J1744−1134 were always made within days of observing PSR J1909−3744, making them ideal test cases. Our method also involves an element of 'bootstrapping', in that the official clock corrections were used to obtain the best timing model for PSR J1909−3744. A truly independent time-scale would rely on a free-floating reference, which amounts to accepting that the timing model we use for the reference pulsar is perfect at this epoch and will remain so in the future. Such faith in current models is not warranted.
C O N C L U S I O N S
We have systematically studied pulse arrival times from 15 MSPs and demonstrated the remarkable stability of the CPSR2 baseband recording and coherent dedispersion system. We obtained some of the smallest rms timing residuals ever seen. This allowed several new parallax distance estimates, two of which were at odds with the predictions of the NE2001 electron density model. Shapiro delay or its non-detection was used to constrain all but two of the binary pulsars in our source list. We measured annual orbital parallax in PSR J0437−4715 and PSR J1713+0747. Future observations of these systems will be necessary to confirm the orbital alignments and obtain more precise measurements of secular evolution of the projected semimajor axes. In addition, we have highlighted that the DE405 Solar system ephemeris is superior to the earlier DE200 version and found that PSR J1909−3744 can be used as an independent time standard with stability similar to the best atomic clocks.
Decadal timing programs with sub-100-ns rms precision will probe cosmologically interesting limits on the gravitational wave background (Jenet et al. 2005) . At this level of precision, sources of systematic error abound. Future improvements in accuracy will be limited by scintillation, DM variations, digitization artefacts, polarization purity, ionospheric variations, Solar system ephemerides and the long-term stability of telescope and instrumental hardware. It will be necessary to eradicate or compensate for all these if we are to improve below 100-ns rms.
